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EggshellsAbstract A statistical design of experiments DOEwas applied to investigate biodiesel fuel BDF pro-
duction process from sunﬂower waste cooking oil SWCO using heterogeneous bio-catalyst produced
from eggshells ES. It was based on 3 level D-optimal design involving as factors methanol:oil M:O
molar ratio, catalyst concentration (wt%), reaction time (min) and mixing rate (rpm). Twenty runs
were carried out. A predictive linear interaction model has been correlated ﬁnding out how signiﬁcant
the effects of these variables are in practice. LINGO software was used to ﬁnd out the optimum values
of the aforementioned variables for enhancing the process. According to the results obtained, themost
dominant positive factor inﬂuencing the response variable (% BDF yield) was M:O molar ratio fol-
lowed by catalyst concentration (wt%) and mixing rate in a decreasing order while the reaction time
showed to have a negative effect on the yield. The maximum BDF yield (98.8% and 97.5%, predicted
and experimental, respectively) was obtained atM:O 6:1 M ratio, catalyst concentration 3 wt%, reac-
tion time 30 min, mixing rate 350 rpm and 60 C. Also response surface methodology RSM has been
applied to study the interactive effects of independent variables on BDF yield. It was found that, the
interaction betweenM:Oand catalyst concentration (wt%)hasmore signiﬁcant effect than interaction
between other variables. The activity of the produced bio-catalyst was comparable to that of chemical
CaO and immobilized enzymeNovozym 435. All the physicochemical characteristics of the produced
BDF using the prepared bio-catalyst and its blends with petro-diesel fuel PDF are completely accept-
able and meet most of the required standard speciﬁcations.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Because of the energy and global warming crises, nowadays,
many researches focus on the development of renewable,
green, sustainable and eco-friendly energy [1].
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Rudolf Diesel used peanut oil to run the diesel engine invented
by him. Vegetable oils were investigated as emergency diesel
fuel DF, during the World War II and the energy crisis of
the 1970–1980s. Since then, edible and non-edible vegetable
oils, waste cooking oils WCO and animal fats have been inves-
tigated for that purpose [2].
Biodiesel fuel BDF is catalytically synthesized through
transesteriﬁcation of triglycerides in the above feed-stocks with
excessive methanol. BDF can be used as an alternative or com-
plementary to conventional petro-diesel fuel PDF, since they
have similar physicochemical properties. BDF is environmen-
tally attractive because it leads to reduction in emissions of
greenhouse gases, SOx and aromatics, it is biodegradable
and renewable. Politically, producing BDF makes a nation
totally, or at least partially independent of other oil producing
countries. Not only this, but on its preparation from WCO it
would decrease a lot of environmental problems and lower
the cost of waste management caused by discarding of this
WCO [3]. Using, WCO for production of BDF would decrease
the over-all cost of BDF production and will not make the
world face the ‘‘food vs fuel’’ dilemma, when using version edi-
ble vegetable oil as feed-stocks in fuel industry [4].
Transesteriﬁcation reaction for BDF production is catal-
ysed by homogeneous acid or base catalysts and enzymes.
However, acid catalysts; take more time for BDF synthesis
and are also corrosive in nature. Although alkaline catalysts
take less time, they increase the pH of the BDF, which thus
requires rinsing with water to remove the leftover catalyst,
resulting in wastewater generation and loss of fatty acid methyl
esters FAME, and consequently resulting in the loss of yield.
Not only these but homogenous catalysts cannot be reused
or regenerated. Enzymes need lengthy transesteriﬁcation pro-
cess and lose their activity due to its denaturation by methanol.
To overcome these problems, research has focused on ﬁnding a
suitable heterogeneous catalyst that can be easily separated,
gives a high yield and conversion and can be reused to be oper-
ated in a ﬁxed bed continuous process. Many heterogeneous
acid and base solid catalysts have been reported in the litera-
ture; including calcium methoxide and ethoxide, CaTiO3,
CaMnO3, zeolites, metal loaded MgAl, KF/Ca–Mg–Al hydro-
talcite, KF/Al2O3, ion-exchange resins, vanadyl phosphate,
dolomites, double-layered hydroxide, sodium aluminate,
SnCl2, and calcium oxide. However, all of these catalysts,
excluding calcium oxide, need a complex and lengthy process
for synthesis, which increase the overall cost of BDF synthesis
and most of these catalysts are also environmentally benign.
Most of these heterogeneous catalysts can be reused again
but upon several reuse, their lifetime reaches to a minimum
and lose their activity. This consequently would create disposal
problems and add to environmental pollution. Although
Al2O3-supported alkali metal oxide catalysts are highly basic
and very active, their active phases are highly sensitive to mois-
ture and easily leached by methanol, compared to CaO [2,5–7].
In order to make the BDF production more sustainable, the
utilization of natural and/or waste heterogeneous catalysts
was of recent interest [2,5,8]. BDF can be prepared using
CaO prepared from natural calcium; dolomite and calcite [7]
and natural waste shells [9–12].
Among more than 350 identiﬁed oil-bearing crops, sun-
ﬂower (Helianthus annuus) is one of the leading oil-seed cropscultivated for the production of oil, mainly used for human
consumption [13]. In Egypt, millions of litres of oil that are
used for frying foods are discarded each year into sewage sys-
tems. Thus, it pollutes waterways, causing a lot of waste man-
agement problems and consequently, adds to the cost of
treating efﬂuent. Solid waste density in Egypt averages about
300 kg/m3 with 60% of it is organic wastes [14]. In fact, the
agricultural and food industries are large private sectors in
Egypt and eggs are part of the daily meal in most of the
Egyptian homes, hotels, resorts and restaurants. To our
knowledge, these sectors produce a lot of waste eggshells ES.
So, production of BDF from WCO using heterogeneous
renewable catalysts prepared from organic wastes, like ES,
would offer, a triple-fact solution: economic, environmental,
and waste management.
The aim of this study is to prepare and characterise a het-
erogeneous catalyst from natural and readily available egg-
shells ES wastes and investigate its catalytic activity for
production of BDF from sunﬂower waste cooking oil
SWCO, in comparison with the most widely used immobilized
enzyme Novozym 435 and chemical CaO. Application of D-
optimal design of experiments DOE, 3-D response surface
plots and LINGO for studying the interactive effects and opti-
mise the parameters (methanol:oil molar ratio, catalyst wt%,
time min and mixing rate rpm) affecting BDF production pro-
cess. Finally, do full characterization and qualiﬁcation of the
produced BDF and its blends with PDF.2. Experimental
2.1. Materials
Pure calcium oxide as heterogeneous catalyst and methanol
(AR Grade) were purchased from Fluka Chemical Corp.,
UK. Novozym 435 (Candida antarctica lipase B) was a gift
from Novozyme A/S, Bagsvaerd Denmark and was supplied
as an immobilized enzyme on macro-porous acrylic resin.
Commercial Egyptian petro-diesel was obtained from a local
fuelling station.
2.2. Collection and preparation of waste cooking oil
Sunﬂower waste cooking oil SWCO was used in this study and
was collected from domestic wastes. The collected SWCO was
centrifuged and ﬁltered to remove any suspended matters and
burned food bits, etc. Then it was heated at 105 C for 2 h to
remove any unwanted water present by evaporation.
2.3. Catalyst preparation
The waste eggshells ES were collected from local bakeries.
Then, they were washed with tap water, dried at 100 C for
2 h in an oven and then grinded using grinding mill (pulveriset-
te6, FRITSCH, Germany) with rotational speed 340 rpm and
time 8 min. Then, they were sieved to constant sizes
(<0.07 mm). Calcination was performed in a mufﬂe furnace
at different temperatures (400–1100 C) for 2 h. The calcinated
catalysts were then stored in dark screw capped vessels to
avoid reaction with humidity and CO2 in air before usage.
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In order to determine the thermal transition of the grinded ES,
differential scanning calorimetric – thermal gravimetric analy-
sis (DSC-TGA) was performed by Q600 SDT Simultaneous
DSC-TGA (New Castle, DE USA). Nitrogen was purged at
the rate of 100 mL/min. Temperature was programmed from
ambient temperature to 1100 C at the ramp rate of 10 C/min.
To determine the crystalline phases of the catalyst at differ-
ent calcination temperatures, X-ray diffraction patterns were
determined on a high-resolution X-ray diffractometer (XRD;
PANalytical XPERT PRO MPD, Netherland) coupled with
Cu ka radiation source (k= 1.5418 A˚) operated at 40 kV
and 40 mA. The diffraction patterns were recorded at room
temperature in the angular range of 4–70 (2h) with step size
0.02 (2h) and scan step time 0.5 (s). The crystalline phases
were identiﬁed using the ICDD-PDF database. The crystalline
size of the catalyst was calculated from the XRD data using
Scherrer’s formula, reported by Qin et al. [15].
Laser Raman spectroscopic measurements were performed
on dispersive Raman spectrometer (BRUKER-SENTERRA,
Germany) equipped with an integral microscope (Olympos).
The excitation source was neodymium-doped yttrium alu-
minium garnet Nd/YAl G laser (532 nm), focused with a
100· long-local-length objective microscope and providing a
power of 20 mW on the sample.
The chemical composition of ES before and after calcina-
tion was determined by energy dispersive X-ray analysis
(EDX, Oxford X-Max, England) conjugated with transmission
electron microscope TEM (JEM 2100, Jeol, Japan). The
energy of the acceleration beam employed was 200 keV.
For Fourier transform infrared (FT-IR) studies, analytical
FT-IR (Perkin Elmer Spectrum One, USA) instrument was
used. The samples were measured as KBr discs by mixing
the sample with KBr (spectroscopic grade) where the solid
samples were transferred into the cell after melting using an
infrared lamp. The spectra of all studied samples were mea-
sured in the range of 400–4000 cm1 with suitable scan res-
olution 4 cm1 and scan rate 16 cm/min.
The surface morphology of the catalyst was studied using
JEOL-model JSM-53000 scanning electron microscope
(SEM). The working sample was analysed at three different
locations to ensure reproducibility.
Particle sizer model Beckman Coulter Multisizer-3 (Nyon,
Switzerland) was used for determination of particle size
distribution. The speciﬁc surface area of the prepared bio-
catalyst was measured by the Brunauer–Emmett–Teller BET
method using low temperature N2 adsorption–desorption
(NONA3200e, Quantachrome, USA). The sample was tested
for pore volume and pore size distribution using the Barret–
Joyner–Halenda BJH method.Table 1 Independent variables and their levels used in the experim
Variables Symbol coded
M:O molar ratio X1
Catalyst concentration (wt%) X2
Reaction time (min) X3
Mixing rate (rpm) X42.5. Transesteriﬁcation
The batch transesteriﬁcation reactions were conducted in a
laboratory-scale setup; two-necked 250 mL ﬂask equipped
with a reﬂux condenser and a thermometer on a magnetic heat
stirrer set at 60 C and different mixing rates according to the
experiment conditions. After the prescribed time of reaction,
the mixture was allowed to separate overnight. The lower layer
is glycerol and solid bio-catalyst, was centrifuged to obtain
pure glycerol and bio-catalyst which can be re-used again.
The upper layer is biodiesel and un-reacted methanol, was
drained out and transferred into a sample ﬂask of a rotary
evaporator to recycle methanol at 65 C and 20 kPa. The
obtained puriﬁed biodiesel was then bottled and kept for
blending with petro-diesel and characterization studies. The
yield of biodiesel was calculated according to Boro et al. [12].
The activity of the prepared bio-catalyst was compared
with that of commercially available most effective heteroge-
neous basic chemical catalyst CaO and immobilized enzyme
Novozym 435.
2.6. Experimental design
D-optimal design of experiments has been applied in this study
in order to reduce the number and cost of experiments and
obtain more information per experiment. Twenty runs of
experiments have been conducted for three levels of four
independent variables; X1 methanol:oil M:O (molar ratio),
X2 catalyst concentration (wt%), X3 reaction time (min) and
X4 mixing rate (rpm) to study their effect on the% yield of
the produced BDF at constant temperature 60 C.
Independent variables and their levels are presented in Table 1.
2.7. Statistical analysis
A general linear interaction model Eq. (1) which accounts for
the independent parameters with their interaction effects was
considered in this study.
Y ¼ bo þ
Xn
i¼1
bixi þ
Xn1
i¼1
Xn
j¼iþ1
bijxixj ð1Þ
where xis are the levels of the factors under study, Y is the pre-
dicted response of the process (% yield of BDF), n is the num-
ber of factors, bo is the intercept term, bi and bij are the linear
and interactive coefﬁcients, respectively.
The method of least squares was employed to ascertain the
values of the model parameters and analysis of variance
(ANOVA) was applied to establish their statistical signiﬁcance
at a conﬁdence level of 95%.ental design.
Range and levels
1 2 3
6:1 9:1 12:1
3 6 9
30 60 120
200 300 400
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(xis) were obtained by solving the predicted interaction model
equation using software ‘‘LINGO’’ for mathematical
optimization (http://www.LINGO.com). Also response sur-
face methodology RSM was also used to understand the inter-
active relationship between the independent variables and %
yield of BDF.
MATLAB7.0.0. software (MathWorks, Inc., USA) was
used for design of experiments (DOE), regression analysis of
experimental data and to plot the response surface.
2.8. Gas chromatography GC analysis
The FAME composition of the produced BDF was analysed
using GC. The analysis was carried out by using Agilent model
6890, USA, equipped with a HP-50 capillary column
(0.53 mm · 30 m, 0.5 lm ﬁlm) and a ﬂame ionization detector
(FID). Pure nitrogen was used as a carrier gas (4 mL/min).
Further, 250 C injector temperature, 280 C detector tempera-
ture, split ratio (1:50), sample size 1 lL, and the temperature
program of 80–240 C at a ﬁxed rate of 5 C/min, were used.
The identiﬁcation of the FAME was established by chro-
matographic reference mixture of FAME of known
composition.
2.9. Physicochemical characterization of the produced BDF and
its blends with PDF
The produced BDF was tested for estimating and evaluating
its fuel properties, using the standard methods of analysis for
petroleum products, American Society for Testing and
Materials ASTM standards methods, 1991[16]. The results
were compared with the Egyptian standards for petro-diesel
and European and American standards of biodiesel
(EN14214 [17] and D-6751 [18], respectively).
Three bio-petro-diesel blends were prepared by blending
BDF at proportions of 6%, 10% and 20% by volume with
PDF and their physicochemical characteristics were also stud-
ied. The results were compared with an Egyptian petro-diesel
sample and American standards of bio-petro-diesel blends
(D-7467 [19]).
All the properties were analysed in two replicates and the
ﬁnal results given below were obtained as the average
values.3. Results and discussion
3.1. Catalyst characterization
In order to explain the effect of calcination temperature, the
calcination process of ES was investigated with TGA/DSC.
Fig. 1a shows the thermal analysis results along with the
weight loss, when the temperature was raised from room tem-
perature to 1100 C. The removal of water and organic com-
pounds was observed at temperatures below 650 C and
recorded weight loss of 5%. Only one dominant decomposi-
tion step of 47% weight loss occurred within 700–800 C
(peaked at 787 C) and remained sustained thereafter up to
1100 C. The heat ﬂow chart (Fig. 1a) reveals the production
of new compound at 787 C. The weight loss might beattributed to the loss of carbon dioxide CO2 and production
of calcium oxide CaO.
It was observed that during calcination, the ES turned com-
pletely white. According to Engin et al. [9], this indicates that
calcium carbonate CaCO3 is converted to CaO with elevating
calcination temperatures. The XRD patterns Fig. 1b proved
that thermal treatment caused the removal of CO2 from natu-
ral ES. Where, natural ES were mainly composed of calcite
CaCO3 (JCPDS card number: 024-0027) and remained
unchanged up to calcination at 600 C. Calcination at 700 C
showed mixture of CaCO3 and lime CaO. The XRD patterns
showed a pure crystalline CaO (JCPDS card number: 043-
1001) for calcination temperatures 800–1100 C. XRD pat-
terns are in line with that of TGA/DSC analysis, where the
endothermic peak at 787 C suggests the decomposition of
CaCO3 and formation of CaO. The crystalline size of the un-
calcinated ES was calculated and found to be  41.79 nm,
which was increased by calcination at 800 C, recording
47.39 nm, respectively. This shows that crystallinity of ES
increased upon calcination. Similar observation was reported
by Monshi et al. [20]. Narrow and high intense peaks of the
calcinated ES (at temperature P800 C) could deﬁne the
well-crystallized nature of the prepared bio-catalyst. Similar
observation was reported by Khemthong et al. [21].
Raman spectrum Fig. 1c is consistent with the XRD pat-
terns. The vibration bands at 155, 280, 712 and 1086 cm1 of
natural ES, correspond to calcite CaCO3 while, the high vibra-
tion band at 360 and the low ones at 525, 655, 1075, 1334 and
1463 cm1 of calcined ES at 800 C correspond to pure lime
CaO.
EDX analysis conﬁrmed the results obtained fromXRD and
Raman. The EDX analysis Table 2 revealed that the chemical
composition of the shells was highly affected by calcination.
The un-calcinated shells exhibit oxygen as the major element;
52.64%, while in calcinated shells at 800 C, calcium represents
the major component; 63.15%. Similar observation was
reported by Birla et al. [22], where the main component in the
calcinated shells was calcium and other elements e.g. Na, Mg,
etc. were found in trace amounts. Stoichiometrically, this is true;
as in CaO, Ca is the main constituent (71%), while oxygen is
the major one in CaCO3 (48%).
The FTIR patterns of ES with respect to calcination pro-
cess Fig. 1d show major peaks at 1423, 875 and 709 cm1 in
natural shell pattern, which disappeared upon calcination at
800 C. According to Engin et al. [9], these peaks are attributed
to asymmetric stretch; out-of plane bend and in-plane bend
vibration modes for CO3
2 molecules. Also, upon calcination
at 800 C; weak bands around 2509 and 1793 cm1 disap-
peared and new weak bands appeared around 1093 and
1047 cm1. The observed changes in IR patterns might indi-
cate the complete transformation of CaCO3 to CaO. Similar
observation was reported by Roschat et al. [23].
In the viewpoint of preparation time, energy consumption
and cost of catalyst preparation, the temperatures of 800 C
were selected as perfect calcination temperature to prepare
bio-catalysts from ES.
Wei et al. [24] and Viriya-empikul et al. [10] also reported
the required temperature for preparation of CaO from ES to
be 800 C.
The morphology of natural and calcined ES at 800 C was
investigated by SEM (500· magniﬁcation). Natural ES display
a macro-pores typical layered architecture Fig. 2a, with
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Figure 1 TGA/DSC curves (a), XRD patterns (b), Raman (c) and FTIR spectra (d) of ES at different calcination temperatures.
Table 2 Chemical composition of biomass derived catalyst.
Biomass Chemical composition (wt%)
Natural eggshells C (14.85%) Na (0.17%) Mg (0.38%) Ca (31.96%) O (52.64%)
Calcinated eggshells at 800 C C (3.08%) Mg (0.22%) Ca (63.15%) O (33.55%)
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a b
Figure 2 Typical SEM images of ES before (a) and after (b) calcination at 800 C.
42 N.Sh. El-Gendy et al.irregular shapes of particles and various sizes, which changed
upon calcination to ‘‘honeycomb’’ porous surface Fig. 2b
and the particle shape becomes more regular. It is obvious
from the SEM micrographs that the particle size decreased
upon calcination. Wei et al. [24] reported that, the change of
structure of eggshells may be resulted from the change of
composition.
A large part of the particle size distribution of the natural
ES was within the size range of 9.07–15.96 lm and the rest
was within the range of 7.19–9.07 lm, with overall average
particle diameter of 10.34 lm. But upon calcination at
800 C the particle size decreased, where a large part of the
particle size distribution was in the range of 6.29–8.23 lm
and the rest was within the range of 8.23–9.97 lm, with overall
average particle diameter of 7.82 lm. The smaller size of the
grains and aggregates would provide higher speciﬁc surface
areas. Because the prepared bio-catalyst has relatively large
particle sizes, it is easy to separate the catalyst from the prod-
ucts after the reaction, by ﬁltration or centrifugation.
The N2 adsorption–desorption isotherm of the prepared
bio-catalyst is shown in Fig. 3, which represents a type II iso-
therm (based on IUPAC’s classiﬁcation) with a low slope in
the middle region of the isotherm and a desorption curve
almost overlapping with adsorption curve. This isotherm
represents unrestricted monolayer–multilayer adsorption and-1 
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Figure 3 N2 adsorption–desorptioncharacteristic for a material, which is not porous or possibly
macro-porous and has a high energy of adsorption. The
BET surface area SBET of the prepared bio-catalyst recorded
6.45 m2/g. The BJH method widely used for calculations of
the pore size distributions over the meso-pore and part of
the macro-pore range has been applied in this study and the
prepared bio-catalyst recorded total pore volume of
0.058 cm3/g and the pore size distributed between 1.7 and
29.8 nm; in the meso-porous range.
Viriya-empikul et al. [10,25] reported that all shell-derived
catalysts are considered to be less porous materials due to
their trace pore volume and the SBET of catalyst derived from
eggshells by calcination at 800 C for 4 h to be as low as
1.1 m2/g with pore volume of; 0.005 cm3/g. Jazie et al. [26]
reported the SBET and pore volume of catalyst prepared by
calcination of eggshells at 800 C for 2 h to be 3.4056 m2/g
and 0.0155 cm3/g, respectively.
Thus, in this study, the recorded higher SBET, pore volume
and pore size distribution for the prepared bio-catalyst would
promote its activity in the transesteriﬁcation reaction and
would recommend the bio-catalyst prepared from ES for appli-
cation in BDF production.
According to Roschat et al. [23], a high porosity catalyst is
a key requirement to achieve high conversion efﬁciency for het-
erogeneous process, thereby high surface area or high catalytic0.6 0.8 1 
e P/Po
isotherm of calcined ES at 800 C.
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size to be desirable for better diffusion of reactants and pro-
duct molecules.
3.2. The physicochemical characterization of the SWCO
The density at 15.56 C, kinematic viscosity at 40 C, total acid
number, saponiﬁcation value and iodine value of the collected
SWCO were; 0.9219 g/cm3, 36.6 cSt, 1.85 mg KOH/g oil,
191 mg KOH/g oil and 127 mg I2/100 g oil, respectively.
3.3. Regression model and its validation
The complete design matrix with experimental and predicted
values of % yield of BDF is presented in Table 3. Based on
D-optimal design and results of experiments, the interaction
regression model based on experimental data can be given as
follows:Table 4 Signiﬁcance of regression parameters (coefﬁcie
Model parameter Parameter estimate Comput
X1 4.1868 18.32
X2 2.8132 7.09
X3 0.7022 2.38
X4 0.2858 0.88
X1 X2 0.1528 0.62
X1 X3 0.0318 0.085
X1 X4 0.0189 0.082
X2 X3 0.0395 0.081
X2 X4 0.0175 0.075
X3 X4 0.0003 0.019
Table 3 Experimental design matrix with experimental and predict
Run number Factors/Levels
M:O (Molar ratio)
X1
Catalyst (wt%)
X2
Time (m
X3
Levels Actual value Levels Actual value Levels
1 3 12:1 3 9 3
2 1 6:1 3 9 3
3 2 9:1 3 9 2
4 1 6:1 3 9 1
5 1 6:1 2 6 3
6 2 9:1 3 9 1
7 2 9:1 2 6 1
8 3 12:1 1 3 1
9 1 6:1 1 3 1
10 1 6:1 1 3 2
11 2 9:1 2 6 3
12 2 9:1 1 3 3
13 3 12:1 1 3 3
14 3 12:1 2 6 1
15 3 12:1 2 6 2
16 3 12:1 3 9 3
17 1 6:1 3 9 1
18 3 12:1 1 3 1
19 2 9:1 1 3 3
20 3 12:1 2 6 2Y ¼ 40:157þ 4:1868X1 þ 2:8132X2  0:7022X3
þ 0:2858X4  0:1528X1X2 þ 0:0318X1X3
 0:0189X1X4 þ 0:0395X2X3  0:0175X2X4
þ 0:0003X3X4 ð2Þ
To test the ﬁt of the model, the determination coefﬁcient R2
was evaluated. In this case, the value of R2 = 0.8958, indicates
that the model could explain 89.58% of the variability. That is
only 10.42% of the total variations in Eq. (2), are not
explained by the model which ensures the goodness of ﬁt
and conﬁrming the adequacy of the regression model. That
was reﬂected also by the good agreement between experimental
and predicted values of response variable, as shown in Table 3.
Furthermore, the validity of the model was checked with
Fisher’s test (F-test) and P-values. Their values were calculated
and found to be 7.9771 and 0.0023, respectively, with error of
variance of 7.1811. The P-value of 0.0023 implies that the
model is signiﬁcant at 95% conﬁdence level.nts).
ed t-value P-value Degree of signiﬁcance
0.0001 Highly signiﬁcant
0.0018 Signiﬁcant
0.0037 Signiﬁcant
0.0261 Possibly signiﬁcant
0.0225 Possibly signiﬁcant
0.0734 Not signiﬁcant
0.0735 Not signiﬁcant
0.0744 Not signiﬁcant
0.0983 Not signiﬁcant
0.0937 Not signiﬁcant
ed values of biodiesel yield.
Biodiesel yield (wt%)
in) Mixing rate (rpm)
X4
Actual value Levels Actual value Experimental Predicted
120 2 300 84.71 83.82
120 1 200 74.8 75.12
60 3 400 77.3 76.3
30 2 300 84.86 84.61
120 3 400 86.9 87.39
30 3 400 78.6 81.01
30 2 300 82.6 77.96
30 1 200 90.3 90.1
30 1 200 85.7 86.29
60 2 300 90.9 92.56
120 1 200 75.53 76.11
120 2 300 74.19 71.24
120 3 400 88.8 90.29
30 3 400 79.4 79.54
60 1 200 88.2 90.45
120 2 300 84.12 83.82
30 2 300 84.43 84.61
30 1 200 89.9 90.10
120 2 300 73.9 71.24
60 1 200 88.8 90.45
44 N.Sh. El-Gendy et al.Analysis of variance (ANOVA) was applied to establish the
statistical signiﬁcance of the model parameters at 95% conﬁ-
dence level. The signiﬁcance of each parameter (coefﬁcient)
was determined by t-values and p-values Table 4. The larger
the magnitude of the t-value and smaller the P-values, the
more signiﬁcant is the corresponding coefﬁcient. It was noticed
that the linear effect of M:O molar ratio is highly signiﬁcant
followed by catalyst concentration and reaction time. While
the mixing rate is possibly signiﬁcant and the interactive effect
of M:O molar ratio and catalyst concentration may be signiﬁ-
cant to some extent P= 0.0225.
3.4. Optimization of transesteriﬁcation process
In this work, the optimum levels (values) of the selected vari-
ables for obtaining maximum% yield of BDF have been calcu-
lated through the application of ‘‘LINGO’’ version 6.01
software for mathematical optimization (http://www.
LINGO.com) and also by analysing the 3-D response surface
plots.
The optimum values, of the selected independent variables,
obtained by solving the regression Eq. (2), using ‘‘LINGO’’
software are; 6:1 M:O, 3% (w:w) catalyst concentration,
30 min reaction time and 350 rpm mixing rate. The theoretical
conversion to BDF was predicted under these conditions to be
98.8%.
Three-dimensional response surfaces were plotted on the
basis of the predicted model equation to investigate the inter-
action among the variables and to determine the optimum con-
dition of each factor for maximum % yield of BDF.
The effect of catalyst loading (wt%) and mixing rate (rpm)
on the% yield of BDF, at constant M:O of 6:1 M ratio and
reaction time of 30 min is presented in Fig. 4a It was observed
that at lower catalyst loading, the conversion to biodiesel
increased with an increase in mixing rate. It was also noticed
that at low mixing rate, the increase in catalyst concentration
(wt%), had less effect on the production of BDF.
Fig. 4b shows the three-dimensional plot representing the
% yield of BDF produced as a function of catalyst concentra-
tion (wt%) and reaction time (min), at constant mixing rate
350 rpm and M:O of 6:1 M ratio. It is obvious that % yield
slightly decreased with increasing catalyst wt% and reaction
time. The maximum % yield of 98% occurred at catalyst
concentration of about 2–4 wt% and reaction time of about
35 min.
Fig. 4c represents the inﬂuence of both M:O molar ratio
and mixing rate on % BDF yield at constant catalyst concen-
tration 3 wt% and reaction time 30 min. It was noticed that at
low value of mixing rate, the % yield decreased all-over the
studied range of M:O molar ratio. The minimum % yield
was reached at M:O ratio of 6:1 and mixing rate of 200 rpm
while the % yield increased at low value of M:O molar ratio
with increasing value of mixing rate. The maximum value of
% yield is obtained at low M:O of about 6:1–7:1 M ratio at
mixing rate of about 350–400 rpm.
The variation and dependence of % yield of BDF on both
catalyst concentration wt% and M:O molar ratio at constant
mixing rate 350 rpm and reaction time 30 min, are presented
in Fig. 4d. It is shown that with increasing both catalyst
wt% and M:O ratio a decrease in % yield was recorded while
the maximum% yield 98.5% was obtained at the lower valueof both catalyst wt% and M:O ratio of 3% (w:w) and 6:1 M
ratio, respectively in the studied experimental range.
Fig. 4e shows the effect of both M:O molar ratio and reac-
tion time on % yield of BDF produced at a constant catalyst
amount 3% (w:w) and mixing rate 350 rpm. Under such con-
ditions, M:O of about 6:1 M ratio gave the best conversion to
BDF, corresponding to reaction time range 30–40 min. In
addition, there was almost no interaction between M:O molar
ratio and reaction time. The theoretical conversion to biodiesel
predicted under above conditions was exceeding 95%.
Fig. 4f represents the 3-D plot of the effect of reaction time
and mixing rate on % yield of BDF at constant M:O 6:1 M
ratio and catalyst loading of 3 wt%. It illustrates the signiﬁcant
increase of response variable (% yield) with the increase in
mixing rate and decrease in reaction time. The maximum %
yield 98% was obtained at 350–400 rpm and 30–40 min.
According to Liu et al. [28], the decrease in FAME (BDF)
yield at higher levels of methanol content might be due to the
dilution effect on catalyst and reactants. According to Kouzu
et al. [29], with the increase in reaction time, the BDF yield
increases to a certain limit producing what is called S-shape
curves. This might be attributed to the variation of the reaction
order as transesteriﬁcation progressed. Transesteriﬁcation
obviously occurred at the boundary between oil and methanol
in the early stage, where the reaction rate might be zero-order
kinetic with respect to oil concentration. The reaction rate is
then changed from zero-order to ﬁrst order kinetics, due to
the good miscibility in the reaction mixture. According to
Liu et al. [28] and Yan et al. [30], the transesteriﬁcation of
oil with methanol in the presence of heterogeneous catalysts
is a three-phase reaction system. Accordingly, the reaction rate
might be reduced due to the mass transfer resistance on the
boundary between the oil and methanol phases. So in this
study, increasing the mixing rate up to 350 rpm might have
facilitated proper contact between reactants (oil, methanol
and CaO catalyst) which consequently, increased the BDF
yield. But the decrease in FAME yield at higher mixing rate
(>350 rpm) might be attributed to the increased turbulence
in the mixture. Liu et al. [28] and Yan et al. [30] also reported
that, the FAME yield is also affected by mass transfer between
the reactants and catalyst. Accordingly, high catalyst concen-
tration causes the reactant mixture to be more viscous, which
causes a decrease in the reaction rate and consequently
decreases in FAME yield, due to mass transfer resistance.
In conclusion, M:O of 6:1 M ratio, 3% (w:w) catalyst
concentration, 30 min reaction time and 350 rpm mixing rate,
are effective value of independent variables for obtaining maxi-
mum% yield of BDF 98%. This result is in good agreement
with that obtained by calculating the predicted regression
equation using LINGO software. The maximum experimental
% yield, as listed in Table 3 was 91% at M:O of 6:1 M
ratio, 3% (w:w) catalyst concentration, 60 min reaction time
and 300 rpm mixing rate. By raising mixing rate to 350 rpm
and lower reaction time to 30 min, maximum experimental
% BDF yield obtained was 97.5%.
So, in the viewpoint of preparation time, energy consump-
tion and cost effective transesteriﬁcation process with high
yield of BDF. The recommended optimum parameters for
BDF production from SWCO, using heterogeneous basic
CaO bio-catalyst, prepared from waste ES are; 6:1 M:O, 3%
catalyst concentration, 350 rpm, 30 min at 60 C.
Figure 4 The response surface plot of biodiesel yield.
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chemical CaO and Novozym 435
By applying the optimum conditions, obtained from optimiza-
tion of transesteriﬁcation process, the yield of produced bio-
diesel and crude glycerol using CaO prepared from ES,
chemical CaO and Novozym435, were evaluated by their
weight relative to the weight of the used WCO and recorded97.5 and 2%, 85 and 10% and 50 and 8% (wt.%), respec-
tively. The results indicate the good efﬁciency of the prepared
CaO from ES relevant to the well-known catalysts usually
applied in transesteriﬁcation process.
The FAME composition of the produced biodiesel at the
optimum operating conditions using CaO prepared from ES
revealed that, it is composed of 13% and 87% of saturated
and unsaturated FAMEs, respectively.
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The produced biodiesel using CaO prepared from ES was
evaluated on the basis of its fuel properties compared to
Egyptian petro-diesel and international biodiesel standards
as shown in Table 5. All the properties of the produced biodie-
sel are completely acceptable and meet most of the speciﬁca-
tions. So it can be ranked as a realistic fuel and as an
alternative to petro-diesel.
The iodine value of the produced BDF recorded 108 mg I2/
100 g oil. Iodine value is a measure of unsaturation degree. The
degree of unsaturation greatly inﬂuences fuel oxidation ten-
dency. According to EN 14214, methyl esters used as diesel
fuel must have an iodine value less than 120 mg I2/100 g
sample.
The acid value measures the content of free acids in the
sample, which has inﬂuence on fuel ageing. The acid value of
produced BDF was 0.6 mg KOH/g, with average lowering of
68% from the used SWCO, indicating good transesteriﬁca-
tion process. The TAN of the produced biodiesel is relatively
high but within the ASTM D6751 biodiesel standards. Lang
et al. [31] reported that the acid values of the ethyl esters of lin-
seed, canola, sunﬂower and rapeseed oils are 0.884, 0.869,
0.876 and 0.873 mg KOH/g, respectively. Candeia et al. [32]
reported that, the biodiesel with high TAN causes operational
problems, such as corrosion and pump plugging, caused by
corrosion and deposit formation.
The saponiﬁcation value represents milligrams of potas-
sium hydroxide required to saponify one gram of oil. The
obtained BDF has higher saponiﬁcation value than that of
the SWCO recording 202 mg KOH/g oil. The average per-
centage of the increase in saponiﬁcation value was 5.45%.
It is known that a triglyceride has 3 fatty acid chains associated
and each triglyceride will give 3 methyl esters, stoichio-
metrically it may be expected that the same amount of fatty
acid carbon chain in neat feedstock oil and biodiesel will react
with the same amount of KOH giving the soaps, i.e., their
saponiﬁcation values will be the same. But this assumption
could be varied in case of using WCO as a feedstock, as its
properties differ signiﬁcantly from neat oils as a consequence
of cyclization, polymerization and degradation of triglycerides
that occur during the frying process.Table 5 Physicochemical properties of biodiesel produce
international standards of biodiesel and Egyptian petro-diese
Test Unit Produced
biodiesel
Density @ 15.56 C g/cm3 0.884
Speciﬁc gravity 0.885
API 28.34
Kinematic viscosity @ 40 C cSt 4.63
Pour point C 3
Cloud point C 0
Total acid number mg KOH/g 0.6
Total S wt% Nil
Water content ppm 468
Flash point C 161
Caloriﬁc value MJ/kg 39.37
Cetane number 43
Iodine number mg I2/100 g 108The ﬂow properties of the produced BDF are as follows;
density at 15.56 C, 0.884 g/cm3; viscosity at 40 C, 4.63 cSt;
cloud point, 0 C and pour point, 3 C.
Felizardo et al. [33] reported that density at 15 C and kine-
matic viscosity at 40 C are important properties, mainly in
airless combustion systems because they inﬂuence the efﬁ-
ciency of atomization of the fuel, ﬂow and distribution.
The density of the produced BDF was 0.8844 g/cm3 com-
pared to that of petro-diesel 0.8280 g/cm3. Fuel with high
parafﬁncity has high speciﬁc gravity and low API. The pro-
duced BDF was characterized by a higher speciﬁc gravity
(0.8853) and lower API value (28.34) compared to those of
the Egyptian petro-diesel sample (0.8288 and 39.23, respec-
tively). Therefore volumetrically, BDF delivers a slightly
greater amount of fuel [34].
The cold ﬂow properties, including CP and PP, have much
lower values in the produced BDF (0 and 3, respectively)
than those of the Egyptian petro-diesel sample (9 and 3,
respectively). This indicates better cold ﬂow properties and
increases the advantages of the produced BDF, as it is more
suitable in cold conditions.
The produced BDF has lower CV (39.37 MJ/kg) than that
of the Egyptian petro-diesel sample (44.88 MJ/kg).
The water content of the produced BDF is higher than that
of the Egyptian petro-diesel sample recording 468 and
81.8 ppm, respectively. But it is within the recommendable bio-
diesel standards, <500 ppm.
The produced BDF has three major advantages; it is free of
sulphur, while petro-diesel has 0.069% sulphur. So it meets the
aim of petroleum industry for free sulphur diesel fuel and the
biodiesel combustion will not produce sulphur oxides which
lead to corrosion of the engine parts and environmental pollu-
tion. The produced BDF has a higher FP 161 C, compared to
57 C for petro-diesel. So biodiesel is much less ﬂammable fuel
than petro-diesel and, hence it is much safer in handling, stor-
age and transport. In addition, the viscosity of the produced
BDF 4.63 cSt, is competitive to regular Egyptian standards
for petro-diesel 1.6–7 cSt. Hence, no hardware modiﬁcations
are required for handling the produced BDF in the existing
engine.
However, the cetane number CN of the produced bio-diesel
43 was lower than that of Egyptian petro-diesel sample 65.81.d using CaO prepared from waste ES compared to
l standard speciﬁcations.
Egyptian petro-diesel
standards
Biodiesel
EN14214
Biodiesel
D-6751
0.82–0.87 0.86–0.9 –
– – –
– – –
1.6–7 3.5–5 1.9–6
4.5
–
Nil <0.5 <0.8
<1.2 <0.01 <0.05
1500 <500 <500
>55 >101 >130
>44.3 32.9 –
>55 >51 >47
– <120 –
Table 6 Physicochemical properties for prepared blends compared to standard speciﬁcations of biodiesel blends B6-B20 and Egyptian
petro-diesel sample.
Test Unit Egyptian petro-diesel
sample
B6 B10 B20 Biodiesel blends
ASTM D-7467
Density @ 15.56 C g/cm3 0.828 0.831 0.833 0.839 –
Speciﬁc gravity 0.829 0.832 0.834 0.840
API 39.23 38.51 38.14 37.01
Kinematic viscosity @ 40 C cSt 4.38 4.40 4.43 4.52 1.9–4.1
Pour point C 3 3 3 0 –
Cloud point C 9 6 3 3 –
Total acid number mg KOH/g 0.14 0.2 0.28 0.47 <0.3
Total S wt% 0.069 0.055 0.036 0.021 <0.05
Water content ppm 81.8 126 182 270 –
Flash point C 57 87 89 96 >52
Caloriﬁc value MJ/kg 44.88 43.33 42.59 41.37 –
Cetane number 65.81 62.79 61.30 52.10 >40
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FAMEs composition, which mainly consisted of 8.90, 4.3,
19 and 67.8% palmitic (C16:0), stearic (C18:0), oleic (C18:1)
and linoleic (C18:2) acid methyl esters, respectively. The CN
of these methyl esters is 74.4, 81.3, 56.77 and 31.8, respec-
tively [35]. The CN increases with an increase in chain length
and decreases with an increase in unsaturation.
3.7. Physicochemical properties of the blends
Blends of the produced BDF and PDF were prepared, and the
results of their analysis compared to the Egyptian petro-diesel
sample and ASTM standard speciﬁcations of B6–B20 (ASTM
D7476) are listed in Table 6.
The data indicate that the density and viscosity increased
with the increase of volume percentage of BDF. Their values
also agree with the Egyptian PDF standards and may lead
to better lubricity. Although the TAN of B100 decreased with
blending, its values in the prepared blends are higher than that
of Egyptian PDF sample but within the recommended stan-
dards. The cold ﬂow properties, CP and PP were improved
by blending. The total sulphur content decreased with increas-
ing BDF percentage and led to ultra-low sulphur diesel which
consequently would decrease the SOx emission and decrease
environmental pollution. The water content in the blends
increased with the increase of volume percentage of BDF,
but within the permissible limits. The FP of the prepared
blends increased with increasing BDF percentage in the blends.
But the CV and CN of the prepared blends decreased with
increasing BDF percentage in the blends. All the measured
properties of the prepared blends agree with the Egyptian
petro-diesel and ASTM blends standards.
Conclusions
The prepared CaO from waste eggshells ES, showed higher
efﬁciency than chemical CaO and Novozym 435 for produc-
tion of good quality biodiesel BDF from sunﬂower waste
cooking oil SWCO.
D-optimal design of experiments has been applied in this
study in order to reduce the numbers and the cost of experi-
ments and obtain more information per experiment. Aregression model has been obtained as a result of the relation
between % BDF yield and operational variables M:O molar
ratio, catalyst concentration wt%, reaction time min and mix-
ing rate rpm. A linear interaction model was found to explain
the sample variation of 89.58% (R2  0:8958Þ. The statistical
analysis showed that, within the studied experimental range,
the three factors having positive inﬂuence were; M:O, catalyst
loading and mixing rate. M:O was the most important factor
followed by catalyst loading and mixing rate, in a decreasing
order. However, the interactions between these factors had less
signiﬁcant effects. According to this study, the most suitable
operating conditions for transesteriﬁcation of SWCO with
CaO prepared from ES are; 6:1 M:O molar ratio, 3% (w:w)
catalyst concentration, 350 rpm mixing rate, 30 min reaction
time and 60 C with maximum predicted and experimental%
biodiesel yield of 98.8 and 97.5%, respectively.
Brieﬂy, this study, illustrates an environmental recycling
process to produce an alternative green fuel.References
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